In this paper we study sneutrino dark matter in a recently proposed supersymmetric electroweak-scale inverse seesaw model, in which the majority of the sneutrino dark matter particle is a mixture of the right-handed sneutrinoÑ c and the singlet fieldS. The scalar field X responsible for the generation of neutrino masses can simultaneously play a crucial role for sneutrino annihilation in the early Universe via the pseudoscalar mediator AX into neutrinos. We focus here on the dominant annihilation channels and provide all the formulas together with analytic estimates in order to identify the relevant parameters. Furthermore, we show that the direct detection scattering cross section is many orders of magnitude below the current limits, and estimate the indirect detection annihilation rate, which is only a few orders of magnitude below the current limits.
Introduction
There are many well-established experimental hints for the existence of dark matter (DM) in the Universe, for instance, gravitational effects on visible matter, e.g., galactic rotational velocities, structure formation, etc. However, the nature of DM is still unknown [1] . So far all the terrestrial experiments looking for a direct scattering signal with the DM particles fail to see anything. A large portion of the mass range and interaction strength of the so-called weakly-interacting massive particles (WIMP) are ruled out. The focus shifts now to lighter mass ranges (sub-GeV) or other types of DM like axions.
Another undeniable evidence of physics beyond the Standard Model (SM) is neutrino masses and oscillations [2] . An interesting possibility is that DM may be deeply related to the generation of neutrino masses, for which we study an example here. In a previous work, we have proposed a supersymmetric inverse seesaw (ISS) model [3] , in which the neutrino mass scale is related to the supersymmetry (SUSY) breaking scale. This is in contrast to many other ISS models where the right-handed neutrino masses are forbidden and the smallness of the lepton number violating masses are put in by hand. The model that we proposed has a built-in Z 3 × Z 2 symmetry, in which the Z 2 factor is identical to the matter parity, which guarantees the stability of the lightest supersymmetric particle (LSP) in our model and all R-parity violating operators are automatically forbidden as we will explain in more detail later. Thus, the LSP can be a DM candidate. In this work, we work out explicitly the link between the neutrino mass generation and the DM particle in our model.
In the conventional constrained Minimal Supersymmetric Standard Model (MSSM), the most popular LSP or DM candidate is the lightest neutralino, and the parameter space for viable DM fall into (i) co-annihilation region, (ii) focus-point region, or (iii) A-funnel region. In all these three regions, fairly strong annihilation rates are needed for the LSP, so that it would not be overproduced in the early Universe. In particular, the A-funnel region is where the pseudoscalar mass is roughly twice of the DM mass such that the annihilation occurs very close to the resonance. The DM candidate in our model shares a similar spirit as the A-funnel in the MSSM as we will elaborate in subsequent sections.
In the supersymmetric ISS model that we proposed [3] , there are extra superfieldsN c ,Ŝ, andX in addition to the conventional superfields in the MSSM. HereN c andŜ are lepton-like particles and their fermionic components mix with the SM neutrinos after symmetry breaking. The neutrino mass matrix exhibits an ISS-like structure and thus, light neutrino masses can be generated with TeV-scale mass parameters of the model. The vacuum expectation value (vev) of X for that matter generates the lepton number breaking components of the Majorana neutrino mass matrix. In this model the lightest sneutrino can be the DM candidate, which is a scalar particle in contrast to the usual neutralino DM. The purely left-handed sneutrino DM in the MSSM faces two problems because of its sizeable couplings with the Z boson: i) the relic density is too small [4, 5] and/or ii) a large direct detection cross section [6] . Some remedies exist in the literature where the sneutrino is a linear combination of left-handed and right-handed components, e.g., [7] [8] [9] [10] [11] . There are even models where the lightest sneutrino is purely right-handed and thus a viable DM candidate [12] [13] [14] [15] [16] [17] [18] . In our setup the lightest sneutrino is mostly a mixture of scalar components ofN andŜ but it contains a tiny fraction of left-handed sneutrinos as well. We assume that the sneutrinos are produced thermally in the early Universe and annihilate via the H X -or A X -funnel, where H X (A X ) is the real (pseudo)scalar component of the complex X-scalar. We will show that only the A X -funnel is sufficiently efficient to get the right relic density.
The organization of the work is as follows. In the next section, we discuss the stability of the lightest sneutrino as the DM using symmetry arguments and compare our model to other supersymmetric models in the literature. In Sec. 3, we present formulas for the mass spectra for sneutrinos, neutralinos, and Higgs bosons and in Sec. 4, we calculate the relic density and discuss estimates for direct and indirect detection experiments. Finally, we summarize and conclude in Sec. 5. 
Stability of the Lightest Supersymmetric Particle
The stability of the LSP is in many cases guaranteed by a (discrete) symmetry. In the MSSM, this is usually either R-parity, P R = (−1) 3(B−L)+2s [19] , or matter parity, [20] . Here B stands for baryon number, L for lepton number, and s for the spin of the particle.
In our model [3] we cannot use any of the two. Lepton number is explicitly broken by theX 3 term in the superpotential. Strangely, although we cannot define matter or R-parity using the above definitions, the R-parity violating operators of the MSSM are forbidden. This is not an accident as we elucidate now. To understand the symmetries in our model better we can rewrite the Z 6 symmetry of the original model into an isomorphic Z 3 × Z 2 symmetry, see Table 1 . The Z 2 factor is identical to matter parity if we restrict ourselves to the MSSM fields. Higgs fields are even under the Z 2 and matter fields odd. This pattern is still true if we go to the full model. The right-handed neutrinos,N , and the lepton-like singlets,Ŝ, are odd as they should be since their fermionic components mix with the MSSM neutrinos. The scalar component ofX, which is even under the Z 2 receives a vev and hence behaves like the Higgs doublets. The Z 2 symmetry is hence nothing else than a straight-forward extension of matter parity to our model. We just cannot refer in its definition explicitly to any accidental symmetry of the SM. It is also important to note that the Z 2 remains unbroken after symmetry breaking.
To understand the properties of DM it is convenient to include spin. Now R-and matter parity are known to be equivalent since the product of (−1)
2s for the particles involved in any interaction vertex in a theory that conserves angular momentum is always equal to +1. This is as well true in our model so that we arrive at what we call DM parity
where q 2 is the charge of the corresponding field under the Z 2 of Table 1 . Sneutrinos with q 2 = 1 and 2s = 0 and neutralinos with q 2 = 0 and 2s = 1 are odd under DM parity, P DM = −1. Hence, these two particles are potential DM candidates in our model 1 . We want to comment here briefly on other models in the literature. Of course, there is a mountain of papers on (SUSY) DM models and it is clearly beyond the scope of our paper to attempt to give a complete review on that. Therefore, we will only comment on supersymmetric inverse seesaw models which discuss DM as well. Most models which we found [10, [21] [22] [23] [24] [25] simply extend (implicitly) R-parity treating the additional lepton-like fields like MSSM matter fields without any discussion on how this relates explicitly to the lepton number. This can be done without any obvious harm since a neutrino Majorana mass term breaks lepton number by two units and hence does not break R-parity explicitly. In their works, sneutrino DM annihilates either via the resonance of a s-channel Higgs mediator or through large annihilation into W W, ZZ, and hh. In Ref. [26] the authors introduced a field,Ŝ, whose vev breaks lepton number by two units similar to ourX field. However, they did not specify any UV completion or symmetries and instead referred to some previous works. In Refs. [27, 28] they sketched a path towards a UV completion introducing a non-renormalisable operator and a symmetry breaking fieldŜ. They also discussed some tentative UV completions but did not fully specify the symmetries, field content and symmetry breaking potentials. In their approach, the sneutrino can be the asymmetric DM and is favored to be near the electroweak scale.
In Ref. [18, [29] [30] [31] [32] ] the authors were more explicit (or refer to previous explicit works) and broke a gauged U (1) B−L symmetry spontaneously. The R-parity in this cases usually survives as a discrete subgroup ensuring DM stability. Nevertheless, in Ref. [31] R-parity was broken such that DM can decay. In Ref. [33, 34] they introduced an additional U (1) B−L × U (1) R symmetry and assumed matter parity on top to guarantee the stability of DM after symmetry breaking and avoiding additional unwanted terms.
In this work, we will focus on thermally produced sneutrino DM which co-annihilates through what we dubbed the A X -funnel. In our setup the complex X-field hence plays two roles. First of all, the vev of its CP-even component breaks lepton number by two units generating neutrino masses via an inverse seesaw mechanism. Secondly, its CP-odd scalar component plays a crucial role to get the right thermal relic density.
In so far our paper differs from previous SUSY inverse seesaw models which did not discuss explicitly the origin of lepton-number violation. Most similar to our work we found are [18, 30, 32] , where a heavy B − L breaking Higgs or Z resonance plays an important role for the DM annihilation cross section. However, the final state contains usually more SM particles compared to our model, which makes the phenomenology very different from ours.
Masses of Sneutrinos, Neutralinos, and Higgs Fields
Before we discuss in detail DM phenomenology we first briefly discuss the spectrum of the relevant fields. The approximate formulas, which we present in this section, help a great deal in identifying the relevant parameter space.
Sneutrinos
We begin our discussion with the scalar partners of the neutrinos. Compared to the MSSM our model contains many more sneutrinos. As we had discussed in our previous paper [3] the leading-order expression for the sneutrino masses reads
In our numerical results later on, we use GUT-scale boundary conditions where all bilinear sfermion mass parameters are set to m 0 at the GUT scale, c.f. next section. For simplicity and clarity we focus for the moment on the case of one generation of left-handed, right-handed and singlet scalars each. At the GUT scale the approximate mass matrix then further simplifies to
This implies that the mass matrix for the right-handed sneutrinos and scalar singlets is very well approximated by the high-scale boundary conditions. Only the left-handed sneutrino mass parameters have sizeable one-loop running, which is positive (at the low scale M 
Since we know that the predominantly left-handed sneutrino DM has already been excluded by direct detection experiments [6, 9] , sneutrinos can only be DM if it is mostly right-handed and/or scalar singlet, i.e., if µ
In fact, we expect that the second lightest sneutrino in each generation is the left-handed one. The sneutrino DM candidate is then, to a good approximation, a maximally mixed superposition of the right-handed sneutrino and the scalar singlet. Strictly speaking we have two DM candidates since the real and the imaginary parts of the sneutrinos are very close in mass and both can contribute to the DM density. In fact, as we will see later on they both contribute to the relic density and we have a two component DM.
To understand under what conditions the real or imaginary component is the lighter one and when both states can co-annihilate, we discuss now the leading tree-level corrections to the masses of the lightest sneutrinos. Using ordinary perturbation theory it is straight-forward to find that
where for the CP-even sneutrinos and
for the CP-odd sneutrinos. Note that we do not distinguish here between the different ISS cases [3] , which would further simplify the expressions if Y ν λ or λ Y ν . The corrections of the lightest sneutrino masses read
The mass splitting between the two lightest sneutrinos is of the order of λ M 2 SUSY and vanishes for v X = 0 as expected.
Neutralinos
Technically speaking the Xino,X, is a neutralino since it has the same quantum numbers as the other MSSM neutralinos and will in general mix with them. On tree level the neutralino mass matrix in the basis B ,
which we have confirmed independently using SARAH [35] .
Since the mixing of the Xino with the other neutralinos is absent on tree-level we expect it to be small. In Fig. 1 we show typical one-loop diagrams which generate such mixings. Since all mass parameters are assumed to be of the order of the electroweak scale it is easy to estimate the size of the mixing terms
where we have assumed that [3] we see that the mixing terms are of the size of the neutrino masses suppressed by one additional loop factor which can be safely neglected. This is confirmed as well by our numerical results.
Let us comment briefly on the Xino properties. The Xino could also be the LSP depending on the parameter choice. However, its dominant annihilation channel into A X H X has in general a too large cross section to give the right relic density because of the O(1) coupling κ. Only when the phase space for this process closes the annihilation cross section could be sufficiently suppressed but we do not discuss this possibility any further.
The other four neutralinos are just the ordinary, well-known MSSM neutralinos and we do not discuss them any further here.
Higgs Bosons
The third sector, the Higgs sector, differs from that of the ordinary MSSM, by having two additional scalars. We decompose the scalar component of the superfieldX as
Note that we have used here a different normalisation convention for the vev compared to our original paper [3] in order to directly use the results from SARAH [35] without tedious checks for factors of √ 2. For all the results in this paper we have switched to the SARAH conventions. The scalar mass matrix then reads on tree-level in the basis (φ d , φ u , φ X ):
where
The fields φ d and φ u are the CP-even and electrically neutral components of the MSSM Higgs doublets H d and H u , respectively. Similarly the fields σ d and σ u are their CP-odd components and the mass matrix for the CP-odd Higgs-like scalars reads on tree-level in the basis (σ d , σ u , σ X ):
and we have neglected gauge fixing contributions. Similar to the Xino and the MSSM neutralinos, our new scalars do not mix with the MSSM Higgs fields at tree-level and the loop-level mixing is negligibly small using similar arguments as (41) and (42)) with numerical SPheno results (crosses) as a function of A0. Here, we take κ = 0.4 and √ 2vX = 10 3 GeV.
for the Xino case. Hence, we label the new scalars as follows φ X ≡ H X and σ X ≡ A X , which are mass and symmetry eigenstates simultaneously to a very good approximation. Note that M 2 X is fixed by the tadpole condition
We can use this in the formulas for the scalar masses
Before we quantify this equations further, we have to comment on the running of A κ which is significant. The relevant one-loop β-functions are given by
Neglecting the small terms proportional to some powers of λ we can solve this set of coupled differential equations analytically and find
where κ 0 = κ(M SUSY ). At the low scale where we want to evaluate the scalar masses
where we have used M GUT ≈ 2 × 10 16 GeV and M SUSY ≈ 10 3 GeV. At the SUSY scale we find for the RG corrected scalar masses
To avoid the new scalars becoming tachyonic we find a simple constraint on A 0
We checked the approximate formulas for the scalar masses and found that they are correct up to a few percent, c.f. Fig. 2 . In particular, H X receives corrections from finite loop corrections, which we do not discuss here in detail. Note that the mass ordering of A X and H X is not fixed, but depends on A 0 . This insight helps to separate the A X -funnel from the H X -funnel region.
Sneutrino Dark Matter
In this section we discuss the sneutrino as a DM candidate and focus on (co-)annihilation channels which are unique to our model. One of them can overcome issues of having a right-handed sneutrino as a thermally produced DM candidate [13] . In some sense our approach is similar to the one advertised in [16] , but we do not introduce a new gauge interaction. We only introduce a new complex scalar which breaks a discrete symmetry and no new vector fields. This new X-scalar splits into a CP-even and a CP-odd scalar after symmetry breaking such that the new X-funnel consists in fact out of two channels, the H X -funnel and the A X -funnel. The real and imaginary parts of the lightest sneutrino can then (co-)annihilate via these channels. However, as we will show the cross section is large enough only for the A X -funnel to realize the usual freeze-out mechanism. The pseudoscalar A X couples predominantly to the heavy neutrinos, which then decay further into SM particles before big bang nucleosynthesis.
We focus here mainly on these channels since they are unique to our model. Other channels like the MSSM Higgs funnels might work as well to realize sneutrino DM, but these channels have been well studied before, e.g., [36] .
Numerical Calculation of the Particle Spectra
Before we discuss our results for these channels we describe how we determine the particle spectra. We have assumed GUT-scale boundary conditions with, in MSSM notation,
inspired by the constrained MSSM. To avoid the LHC constraints, we have set an arbitrary factor of 3 for the colored states in order to make them heavy enough. The M 2 X is fixed at low scale by the tadpole condition as described in Sec. 3.3. We treat tan β, v X , κ, λ, and µ N S as free low-scale input parameters and for the sake of simplicity we choose λ and µ N S to be diagonal. We also set (µ N S ) 22 = 2(µ N S ) 11 and λ 22 = 2 λ 11 such that we can consider only one generation of sneutrinos effectively in our scans. In our model κ is an order one parameter and we fix it to the reference value 0.4. The reference value for the vev v X is chosen such that the Xino mass is 400 GeV and our additional fermions and scalars are at the electroweak scale. Table 2 : Parameters used in our numerical scans. We take µNS and λ to be diagonal matrices. For more details, in particular on how we determine µNS see main text.
The neutrino Yukawa matrix Y ν is in principle free as well, but we fix it using the tree-level formula
for more details, see Ref. [3] . We have used the latest results for normal ordered neutrinos from NuFIT [37] , m 1 = 0 eV and set all CP-violating phases to zero to get real numerical values for Y ν . Note that our results depend only very weakly on the details of Y ν , but it is important to fix the order of the neutrino Yukawa couplings. The calculation of the SUSY spectrum including two-loop corrections is taken care of by SPheno [38] . The necessary code is generated by SARAH [35] . In Table 2 , we give our benchmark parameter ranges for both funnels which we use in our numerical scans.
It is numerically very challenging to find the resonance region unless one understands where to look for it. In our scans we hence implement an iterative procedure which we describe first for the A X -funnel. Apart from the fixed parameters in Table 2 we first fix λ 11 and A 0 to get an estimate for m A X using Eq. (42). Then we choose the parameter c ∈ {0.97, 0.99} which controls how close the data point is to the resonance
We then solve this equation with the formulas (15), (18) , and (19) from Sec. 3.1 to get an initial estimate for (µ N S ) 11 :
Given all the initially estimated parameters, we then run SPheno to calculate a consistent spectrum. From this calculated spectrum, we take m A X as reference mass to calculate again (µ N S ) 11 from Eq. (49), which we do three times. In our final run, we find that the ratio
deviates not more than 2.5 × 10 −3 from the input value c, see also and smaller. This implies that (µ N S ) 11 should become naively smaller but then the correction term m
is not small anymore since v
which compensates the smallness of λ 11 . This can also be seen in Fig. 3 where ξ A deviates more strongly from c for larger A 0 .
For the H X -funnel we could follow basically the same approach but the relevant condition to estimate (µ N S ) 11 is modified as
with an estimate for (µ N S ) 11 :
The resonance parameter in this case reads
which we do not show since we will not use it later explicitly. In the H X -funnel parameter set the lightest CP-even sneutrino is always our DM candidate since it is lighter than the CP-odd sneutrino, i.e. m χ = mνR 1 . With this procedure we have fixed now two sets of particle spectra which can be used in the further calculations.
(Co-)Annihilation Cross Sections and Relic Density
In our setup, the lightest sneutrino is mostly a maximally mixed combination of a right-handed sneutrinoÑ c and the scalar component of the singlet superfieldŜ, c.f. 3.1. The dominant (co-)annihilation channel in the early universe for them is into neutrinos via the A X -or H X -funnel, see Fig. 4 . Since we assume CP to be conserved A X couples to the real and imaginary part of the sneutrino while H X to the real part or the imaginary part of the sneutrino. This implies that the A X -funnel is a co-annihilation channel while H X is an annihilation channel. In this subsection, we first present the co-annihilation via the A X -funnel (scenario A) and then discuss why the annihilation via the H X -funnel (scenario H) is phenomenologically not viable. 
Scenario A: Sneutrino Co-Annihilation via the A X -Funnel
We begin our discussion with the A X -funnel whereν R 1 andν I 1 co-annihilate resonantly into neutrinos. It is well known that standard numerical tools are sometimes not very reliable for resonance regions [39] and hence we perform relic density calculations by ourselves using SPheno [38] for the particle spectrum, as already described in Sec. 4.1.
The co-annihilation cross section into two heavy neutrino states reads
where s = (pνR
is a symmetry factor. We have taken the absolute values of m νi and m νj to emphasize that these are the positive physical masses. Here we have three choices for the decay channel, (i, j) = (4,4), (4, 5) , and (5,5). The direct annihilation into light active neutrinos is negligibly small. Note that the mass difference between the two heavy neutrinos is small compared to the mass itself. C Aνν is the coupling of the sneutrinos to A X Furthermore, C Aνν corresponding to the coupling of A X to the neutrinos is given as
with the mixing matrices of neutrinos U V and we have used that U
which shows that C Aνν is of the order of λ 11 . The total decay width of A X is dominated by the decay channels into heavy neutrinos, ν 4,5 or DM which can be expressed as
where we have again neglected the decays into active neutrinos. Each term is calculated as follows
Using the above equations the total decay width can be approximated by
Aνν is an O(1) factor given bỹ
Note that this factor depends mildly on m χ . We can therefore simplify the thermal averaged cross section at the temperature T [40] to
with defining m χ ≡ min{mνR 1 , mνI 1 } as the DM mass. The functions K n (x), n = 1, 2, are the modified Bessel functions of the second kind. Here, we have used the narrow width approximation which makes the s-integral easier since the propagator part can be replaced by π/(m A X Γ A X )δ s − m 2 A X . The total decay width Γ A X is estimated in Eq. (59). This is a complicated formula, but using our previous approximations we find
where we have used leading order term in the asymptotic expression of the modified Bessel function K n (x) ≈ π/2 x e −x [41] . In the second line we have kept the factor with (µ N S ) 2 11 as this makes it easier to estimate later how much the H X -funnel is being more suppressed than this case.
By using the annihilation cross section formula Eq. (66), we can numerically solve Eq. (2) of Ref. [39] to obtain the freeze-out point x f = m χ /T f with the freeze-out temperature T f where we use the entropy table taken from Ref. [42] . We then feed in the freeze-out temperature to calculate the relic density near the resonance as described in Sec. V of Ref. [39] ,
with ∆ ≡ |mνR
Again we can use some approximations to understand how the relic density scales approximately as
where ∆ can be rewritten by Eq. (20) with input parameters as
What we can clearly see from this approximation is that we expect an almost linear behavior of the relic density in the (m χ , λ 11 ) plane. The complementary error function, erfc, is responsible for the strong dependence of the result on c. For x f = 22 and c = 0.99 this piece evaluates to about 0.35 while for x f = 22 and c = 0.97 it gives about 0.11. In Fig. 5 , we present the result of our numerical scan where we have applied a 95% confidence level, namely δχ 2 (Ωh 2 ) < 5.99, using the PLANCK result [43] and including conservative 10% theoretical uncertainties. The lifetime of A X is very short which justifies our assumption that the sneutrinos are in thermal equilibrium with the visible sector before freeze-out. In the (m χ , λ 11 ) plane we see the anticipated approximate linear relation between m χ and λ 11 although, in particular for c = 0.97, there is a non-linear component which is coming mostly from the exp (−x f ∆) factor. The dependence ofC Aνν on m χ is only subleading compared to that.
Of particular interest is that the allowed range for λ corresponds very well to the ISS type III scenario discussed in [3] . 
Scenario H: Sneutrino Annihilation via the H X -Funnel
In the model, there is another potential channel for the DM resonance, i.e. the CP-even boson which mostly contains the real component of the X scalar. As depicted in the right panel of Fig. 4 , the mediator and the species of the initial and final states are different from the A X -funnel. Most notably this channel is a pure annihilation channel. What we will always implicitly assume is that ν R 1 is the DM candidate, which is the lighter sneutrino in the considered parameter range and we set mνR 1 = m χ . Analogous to the result in Eq. (55) the annihilation cross section here reads
and C Hνν and C Hνν are H X -sneutrino-sneutrino and H X -ν i -ν j couplings, respectively, and they are given as
The essential difference from the A X -funnel is the factor with different mass dependence in the numerator due to the different coupling structure, i.e. here we have s − |m νi | + |m νj | 2 while in the A X -funnel we had s − |m νi | − |m νj | 2 .
The partial decay widths for H X are given by, similar to the A X -funnel case:
The thermal averaged cross section for the H X -funnel is given analogous to the A X -funnel as
Similar to Eq. (67), thermal averaged cross section is simplified as
which is also an O(1) factor. Comparing this approximation with Eq. (67), we see that the thermal averaged cross section for the H X -funnel has an extra suppression by
To compensate for this suppression, we need λ 11 to be larger by a factor of ten compared to the A X -funnel, roughly speaking. On the other hand, a larger λ 11 could lead to a critical problem of closing the annihilation channel into heavy neutrinos. If this channel was closed, only the annihilation into light neutrinos would be allowed, which is heavily suppressed and so the annihilation cross section would be too small by far. To avoid this we need
where we have used the results from Sec. 3 and neglected terms of O(λ 2 ) and O(Y 
For a typical DM mass m χ = 100 GeV with c = 0.97, κ = 0.4, and √ 2 v X = 1000 GeV this means λ 11 4.3 × 10 −3 while from the comparison to the A X -funnel we expect λ 11 ∼ 2 × 10 −2 . This rough estimate shows that the H X -funnel is probably not working, which we have also confirmed numerically. Hence, we conclude that the H X -funnel is not working within our setup.
Dark matter direct and indirect detection
In this section, we discuss direct and indirect detection prospects of our DM candidate. We begin with the direct detection which is difficult for discovery and then turn to indirect tests which are more promising but still far fetched. 
Dark matter direct detection
The relevant diagrams for direct detection are shown in Fig. 6 . There are two main channels connecting sneutrino DM to the nucleus. One is through the SM Higgs boson exchange and another is through the Z boson exchange. The relevant effective Lagrangian for DM direct detection is
where M SUSY is of order TeV. The contribution of the SM Higgs H is larger than the other Higgs bosons due to either the much larger masses of the other MSSM Higgs bosons or the small Yukawa couplings to the quarks for A X and H X . The effective coupling C Z is
with the weak mixing angle θ W , the quark mass m q , and (g
R ) for up-type and down-type quarks is defined as
We can see that the coefficients in front of the Higgs-exchange and the Z-exchange terms are roughly of the same order. On the other hand, the operators themselves give very different contributions to direct detection. Due to the presence of the γ 5 matrix inqγ 5 q, the contribution from the Z-exchange is highly suppressed. This is easily understood by considering the nonrelativistic expansion of the operator and studying its velocity dependence.
In the non-relativistic limit, the spinors involved in the scattering are q = (ξ, ξ) T andq = ξ † (1, )γ 0 , where ξ is the two component Pauli spinor and = O(v/c). The velocity suppression for current DM in the Universe is ∼ 10 −4 -10 −3 . We can then do a simple expansion
Therefore, we can easily see that the Z-exchange is suppressed by O( 2 ) ∼ 10 −8 -10 −6 on amplitude level. We conclude that the Z-exchange is negligible compared to the Higgs exchange contribution and we focus on the Higgs exchange in the following. The Higgs exchange cross section between DM and a nucleus is given by
The nucleus parameters, A, Z, and m N are the mass number, proton number, and the nucleus mass, respectively. The effectiveν 1 -proton (f p ) andν 1 -neutron (f n ) couplings for the Higgs channel are
where v = 246 GeV. The numerical value of nucleon mass matrix elements (f Tq and f T G ) can be found in MicrOMEGAs [44] . Using Y ν = 10 −6 and M SUSY = 1 TeV we find a tiny DM-proton scattering cross section 10 −29 pb (where A = Z = 1 in Eq. (89)) which is many orders of magnitude below the most stringent current limit σ SĨ ν1p ∼ 5×10 −11 pb for DM mass at O(100) GeV reported by the most recent XENON1T [45] . It is even below the neutrino floor which makes a direct detection rather difficult. On the other hand, a confirmed direct detection of DM in the near future would immediately rule out our setup, which is very attractive.
Dark matter indirect detection
Before we discuss indirect detection constraints we want to clarify that the DM is in fact a twocomponent dark matter. From Eq. (20) the mass splitting betweenν
1 is heavier it can decay only intoν R 1 and two active neutrinos via the A X boson. However, the coupling of A X to the active neutrinos is heavily suppressed and the phase space is tiny such that the lifetime ofν I 1 is estimated to be much longer than the present age of the Universe. The same argument is true ifν R 1 would be heavier. Thus, our model is an example of two component DM and since the sneutrinos are so close in mass we will assume for the sake of simplicity in this section that they homogeneously form 50% of DM each.
Since the DM candidate is strongly related to neutrinos, the most plausible idea is to look for a potential detection at IceCube [46] via monochromatically produced neutrinos from DM annihilation. The DM annihilationν I 1ν R 1 → ν i ν j via the A X -funnel is the dominant annihilation channel at the Galactic center where the DM density is the highest in the Milky Way. Here, the indices i and j run from 1 to 5. Note that sneutrino DM in this model can annihilate not only into heavy neutrinos but also into light active neutrinos but with a large suppression factor.
Since the mixing of the singlet fermion(s) with the active neutrinos is highly suppressed compared to those with heavy neutrinos, the most obvious channel to produce monochromatic active neutrinos is the annihilation into one active and one heavy neutrino, followed by subsequent decays of the heavy neutrino into active neutrinos. By the analogy from Eq. (55), the annihilation cross section of the sneutrino DM into one active and one heavy neutrino can be written as,
where v rel /2 = 1 − 4m 2 ν1 /s, the K = 4, 5 represents the heavy neutrino and active neutrino masses are neglected. In addition, the coupling C Aνν is similar to Eq. (58)
where i runs from 1 to 3. Since U [46] using the Navarro-Frenk-White DM profile, which is much larger than our prediction and a search for monochromatic neutrino lines from our DM annihilation is not very promising.
Nevertheless, the story simply does not end here if we consider the heavy neutrino cascade decays into SM particles, such as electrons and positrons, and also the bremsstrahlung photons or inverse-compton-scattered photons. Typical cascade decays of heavy neutrinos into leptons are depicted in the right panel of Fig. 7 . For DM annihilation into heavy neutrinos only and subsequent decays into leptons, one can take the coupling C Aνν ∼ λ 11 /2 √ 2, c.f. eq. (58). We found that the annihilation cross section σv rel of the process shown in Fig. 7 can be as large as O(10 −29 ) cm 3 s −1 . This prediction is only a few orders of magnitude below the current limit of 10 −26 cm 3 s −1 from leptophilic DM channels of the AMS-02 [47] . Hence, there may be some chance that such charged leptons and secondary photons can be probed in future cosmic-ray experiments.
In summary, predictions of our model in both direct and indirect detection are very safe with the most stringent current limits. Inversely speaking, once DM direct or indirect detection finds any DM signal, our model can be easily excluded by the observations.
Summary and Conclusions
Neutrino masses and dark matter are two of the most established evidences for physics beyond the SM. In a previous work we have proposed a supersymmetric inverse seesaw model that adds neutrino masses to the MSSM. The seesaw scale of that model is of the electroweak scale since it is determined by SUSY breaking parameters. To be more precise the vev of the scalar component ofX induces the lepton number violating terms in the neutrino mass matrix and the smallness of neutrino masses is then given by some smallish Yukawa couplings and we can reproduce neutrino oscillation data perfectly.
In this work we have focused on the novel dark matter aspects of this model compared to the MSSM. First of all, the stability of the LSP is guaranteed because of the unbroken DM parity embedded in our model which acts like matter parity on the MSSM fields and hence forbids all R-parity violating operators. The sneutrinos which are odd under this parity thus form a potential dark matter candidate. In this work the lightest sneutrinos which are mainly a linear combination of the scalar components of the right-handed neutrinoN c and singletŜ superfields are thermally produced DM particles.
We have shown that the co-annihilation rate of the CP-even and the CP-odd sneutrinos can be sizable around the resonance peak of the pseudoscalar boson A X , the A X -funnel, and gives the right amount of DM relic density of the Universe. The A X is the pseudoscalar component of theX superfield which plays the crucial role to generate the light neutrino masses as mentioned above. Hence, in our model we have a very close relationship between the neutrino and the DM sector. Note also that the current DM population is a mix of CP-even and CP-odd sneutrinos in our setup.
Furthermore, we have estimated the scattering rate of the sneutrino DM with nuclei, and found that the dominant contribution comes from the Higgs-boson exchange. Yet, it is many orders of magnitude below the current DM direct detection limits. Thus, any signals in direct-detection experiments can immediately rule out our setup. Of course, in that case we could try to embed, for instance, conventional neutralino DM if in agreement with data. Similarly, the monochromatic neutrino line signal is a smoking-gun signature of the model, but the rate is way below the current IceCube limit. Nevertheless, the indirect detection may stand a chance to observe the annihilation of the dark matter particles into heavy neutrinos followed by their subsequent cascade decays into charged leptons and photons in cosmic-ray and gamma-ray telescopes.
Let us again briefly highlight a few important findings of this work before we conclude:
1. There is a tiny mass splitting between the real and imaginary components of the sneutrino DM. The annihilation via the A X -funnel, which is a pseudoscalar, has to involve the real and imaginary parts and is in fact a co-annihilation.
2. The mass of A X is about two times of the sneutrino DM, such that the co-annihilation rate can be sufficiently enhanced so as not to overclose the Universe.
3. In principal, there is the H X -funnel as well but it turns out that the annihilation rate in this channel is much smaller than in the A X -funnel due to p-wave suppression and too small to get the right relic density.
4. The scattering cross section of the sneutrino DM with nuclei is extremely small because of the tiny Yukawa couplings with the ordinary Higgs boson such that it is well below existing limits.
5. There may be some chance to observe the charged leptons or secondary photons coming coming from the co-annihilation of the sneutrino DM in the galactic halo.
6. The most striking feature of our DM is the close link to the neutrino sector through its couplings to the scalar X-bosons. This is reflected in its phenomenology as well since DM co-annihilates exclusively into neutrinos.
7. The fermionic component of theX superfield, the Xino, could also be the LSP. However, its dominant annihilation into A X H X in general has a too large cross section because of the O(1) coupling κ to give a significant contribution to the relic density. Only when the phase space for this process closes the annihilation cross section could be sufficiently suppressed.
In this paper we have worked out another striking feature of our supersymmetric electroweak scale inverse seesaw model, namely the possible close connection between dark matter and neutrinos. Hence, apart from the rather technical hierarchy problem we can solve two of the most outstanding experimental challenges to the SM, neutrino masses and dark matter. In the future, we will explore other features of our model related to collider physics and leptogenesis with hopefully similarly interesting findings.
